A wheat embryo cytokinin-binding protein was covalently modified with the radiolabeled photoaffinity ligand 2-azido-
Wheat embryo cytokinin-binding factor 1 (CBF-1) is an embryo-specific protein from wheat having a high affinity for several active cytokinin derivatives (1) (2) (3) . Originally isolated from preparations of wheat germ (4, 5) , CBF-1 has recently been shown to have characteristics commonly associated with seed storage proteins, including high nitrogen content (5, 6) , structural similarities to the vicilin-type storage proteins (7) , rapid accumulation to high levels during the filling stage of embryogenesis (7) (8) (9) , and localization in membrane-bound protein bodies in the tissues surrounding the embryonic axis (6, 10) . Although the role of CBF-1 in regulating cytokinin function in vivo has not been demonstrated, one hypothesis is that it functions as a storage protein that also sequesters cytokinins during the filling stage of embryogenesis (6, 10) .
A concern shared by those who study plant hormonebinding proteins is whether these molecules participate in hormonal regulation or just coincidentally interact nonspecifically with hormones in vitro (11) . Of major difficulty in interpreting binding data is the relatively low binding affinities of these proteins for plant hormones (as compared with animal hormone-receptor systems), which often obscures detection of specific and nonspecific binding sites. One approach to characterizing specificity of ligand binding is by use of photoaffinity analogues (12) . A previous study (13) showed the potential of labeling the benzyladenine (BzlAde) binding site of CBF-1 with 2-azido-N6-[14C]benzyladenine ([14C]N3BzlAde), which covalently interacts with the single BzlAde binding site.
In this report we characterized the interaction of N3BzlAde with CBF-1 by the isolation and sequence analysis of an N3BzlAde-modified peptide from CBF-1. By using the classical Edman method and a new mass spectral method of peptide sequencing (14) we demonstrated the very high specificity of this interaction, proving that a single histidine residue in the protein was modified by N3BzlAde. mCi/mmol with cold benzylamine; 1 Ci = 37 GBq). The final product was synthesized by reaction of the 2-chlorinated compound with hydrazine followed by treatment with sodium nitrite.
MATERIALS AND METHODS
[14C]N3BzlAde was purified by reversed-phase chromatography on a PepRPC HR 5/5 column (Pharmacia) with a gradient of water (solvent A) and methanol (solvent B) (0-62% solvent B for 36 min, 62% solvent B for 8 min, 62-80% solvent B for 10 min at 0.3 ml/min). The azido derivative was the last component to elute [at 65-70% (vol/vol) methanol] and was distinguished by a UV-labile absorbance peak at 235 nm. The compound was dried and redissolved in methanol to -1 mM with a specific activity of 4 mCi/mmol. Other than working in a reasonably darkened area, no special precautions were required to prevent photolysis of the azido group.
Photoaffinity Labeling of CBF-1. CBF-1 was isolated from mature durum wheat seeds (Triticum durum cv. Mexicali) as reported previously (7) and adjusted to 0.5 mg/ml in 0.2 M ammonium bicarbonate, pH 8.0. [14C]N3BzlAde was added dropwise with gentle mixing to a final concentration of 12 ,uM. After 1-hr incubation on ice the solution was transferred to a 1-cm-pathlength quartz cuvette and irradiated from a distance of 1 cm with short wave UV light (500 ,uW/cm2 measured at 254 nm; Mineralight Lamp model R-520; Ultraviolet Products, San Gabriel, CA).
To measure incorporation of [14C]N3BzlAde into CBF-1, aliquots containing 10 ,ug of protein were removed at intervals from 0-5 min of irradiation, precipitated in 20% (wt/vol) trichloroacetic acid on ice, washed twice with cold acetone, dissolved in 0.1 ml of 1% NaDodSO4, and the radioactivity was measured by liquid scintillation counting. Tryptic digests were performed by adding tosylphenylalanine chloromethyl Proc. Natl. Acad. Sci. USA 85 (1988) ketone-treated trypsin (United States Biochemical, Cleveland, OH) immediately after 5 min of irradiation at a 1:10 (wt/wt) ratio of trypsin to CBF-1. Aliquots were removed at intervals from 0-120 min at 370C and diluted with an equal volume of double-strength NaDodSO4/PAGE sample buffer. After immediate boiling to inactivate the trypsin, the samples were analyzed by NaDodSO4/PAGE (16) Peptide separations were performed using Pharmacia's fast protein liquid chromatography (FPLC) instrument and columns with monitoring at 214 nm. Columns, eluents, and gradients are described in Fig. 3 (18) and amino acid sequence analysis (14) of oligopeptides has been described.
[14C]N3BzlAde-labeled peptide at the 30-pmol level was dissolved in 3 A1l of 5% (vol/vol) acetic acid. For molecular weight determination, a mixture containing 0.5 Al of 1:1 glycerol/monothioglycerol and a 0.5-to 1.0-,ul aliquot of sample was exposed to a beam of 10 keV cesium ions for 4 msec in the ion source of the mass spectrometer. Sample ions sputtered from the matrix were transferred to an elongated ion cyclotron resonance cell and caused to move coherently in large orbits at cyclotron frequencies characteristic of their individual masses after irradiation with a radio frequency pulse. Image currents produced by this motion on two of the cell walls were amplified, digitized, and Fourier transformed. Data from 20 to 50 such experiments were summed in <20 sec to produce the mass spectrum.
Lyophilized labeled peptide (20-25 pmol) was converted to the corresponding methyl ester with 30 ,ul of 2 M HCl in methanol for 2 hr at room temperature. After the removal of solvent, the sample was dissolved in 2-2.5 ,p of 5% acetic
acid. An aliquot corresponding to 10 pmol was used to obtain the results shown in Fig. 4 . To generate laser photodissociation data, sample (M + H)+ ions stored in the ion cyclotron resonance cell were exposed to a single 10-nsec pulse of irradiation at 193 nm from the ArF excimer laser. Mass spectra were recorded as described above. Subtractive Edman degradation was done as described (19 2A ) indicated a domain of the protein that was extremely susceptible to proteolytic attack. This primary cleavage of the 54-kDa subunit into polypeptide groups near 37 and 17 kDa occurred very rapidly. In contrast, the further degradation of the 37-kDa polypeptide group into a set near 23 kDa was very slow, requiring >1 hr even at a 1:10 ratio of enzyme to CBF-1. A very similar pattern of CBF-1 degradation was seen in preparations from commercially milled wheat germ (8) and during wheat embryo germination (7) , indicating that the same domains of CBF-1 are recognized by endogenous proteases. The 23-kDa tryptic fragments and the initial 17-kDa polypeptide group were then remarkably resistant to further proteolysis. In fact, full BzlAde-binding activity was measured after a 2-hr digestion (data not shown), suggesting that the BzlAde-binding site was contained in one or both of these polypeptide groups. The resistance of these core fragments to trypsin must be due to conformational effects because CBF-1 contains -12% arginine (6) , and the addition of denaturants results in complete digestion and loss of activity (data not shown).
The labeling of CBF-1 with the photoaffinity reagent had no effect on the pattern or degree of trypsin digestion as compared to the unlabeled protein. The size heterogeneity seen in each of the tryptic fragment groups may have resulted from endogenous exoproteinase activity during CBF-1 isolation or incomplete digestion by trypsin. Fluorography of the separated tryptic fragments of [14C]N3BzlAde-labeled CBF-1 (Fig. 2B) showed that the photoaffinity probe was coupled to the 37-kDa polypeptide group and its 23-kDa subfragments. The specific nature of this labeling is suggested by the absence of detectable radioactivity associated with the 17-kDa group of polypeptides. The 17-and 23-kDa tryptic fragments could be separated by cation-exchange chromatography on CM-Sepharose 4B (Pharmacia) in 6 M urea/20 mM sodium succinate, pH 6.0 (data not shown), with the 17-kDa polypeptides passing through unbound and the 23-kDa polypeptides eluting with the addition of 0.5 M NaCl. However, the removal of the 17-kDa polypeptides from the tryptic digestion products was found unnecessary in the subsequent isolation of the labeled peptide from the 23-kDa fragments.
Isolation of a [14C]N3BzlAde-Labeled Peptide from Tryptic
Fragments. As mentioned above, further proteolysis of the CBF-1 fragments generated by a 1-hr trypsin digestion was impossible without the inclusion of a denaturant. Solubilization of trichloroacetic acid-precipitated 17-and 23-kDa tryptic polypeptides in 8 M urea (followed by dilution to 2 M) was necessary to obtain a more complete digestion with a second enzyme. Several proteases, including chymotrypsin, trypsin, endoproteinase Lys-C, endoproteinase Glu-C, and elastase, were screened for their ability to generate a ['4C]N3BzlAde-labeled peptide so that a large percentage of the label could be recovered in one chromatographic peak. Endoproteinase Glu-C digestion met this criterion and provided the best separation of peptides by reversed-phase HPLC (Fig. 3A) . Approximately 50% ofthe recovered radioactivity was in two fractions eluting at 40-42 min. The remaining radioactivity was scattered among several fractions; no single fraction contained >5% of the total radioactivity. Without the initial trypsin treatment, the endoproteinase Glu-C digestion was not so complete and resulted in two major radioactive peaks (data not shown) eluting at -41 and 46 min. Further purification was performed by anion-exchange chromatography in the presence of 2 M urea (Fig. 3B) . The labeled peptide was eluted at 0.3 M in a NaCl gradient (ust after a broad peak of poorly resolved contaminants) and contained =75% of the recovered radioactivity. The addition of urea to the buffers was necessary to increase the solubility and yield ofthe peptide. Without urea the peptide eluted with significant contamination as a very broad tailing peak at 0.6-0.8 M NaCl. To remove the buffer, salt, and urea and to assess the purity of the peptide, the labeled peak fractions from the anion-exchange separation were pooled and injected directly into a reversed-phase column (Fig. 3C) . A single peptide peak (=1 nmol) was eluted, which contained >95% of the recovered radioactivity. Only 10% of the initially incorporated radioactivity was recovered. As suggested by Fig. 3A , approximately half of the loss was due to labeling of low specificity (or nonspecific) sites and incompletely digested high specificity sites, whereas the remaining losses were incurred during precipitation and resolubilization steps. Sequence Analysis of the ['4CJN3BzlAde-Labeled Peptide by Edman Degradation. Gas-phase Edman analysis identified 11 of the 12 residues in the peptide (Table 1) . No phenylthiohydantoin-amino acid was seen by HPLC analysis of cycle 8. However, if an aliquot of the material from each cycle was taken before HPLC injection and analyzed by liquid scintillation counting, over 70% of the recovered radioactivity was found in cycle 8 with the rest eluting as "carry over" in cycles 9-11. This result indicated that the photoaffinity reagent was specifically attached to the amino acid at position 8 tBased on Edman sequencing data ( Table 1) .
seen by amino acid analysis, the data indicated the histidine at position 8 in the peptide was modified by the photoaffinity reagent. The reason for the slightly low value ofone and a half residues of aspartate instead of the expected value of two is not apparent. The sequencing results, however, conclusively identified two aspartate residues in the peptide. (Fig. 4) Fig. 4 is the laser photodissociation mass spectrum recorded on 10 pmol of the peptide methyl ester. Fragment ions at m/z 70.1, 110.1, and 120.1 indicated the presence of histidine, proline, and phenylalanine, respectively, in the peptide (19) .
A search for a series of fragment ions having m/z values corresponding to the loss of one or more residues from the C terminus of the peptide, ions of type B (19, 20) , was facilitated by knowledge that the labeled peptide was generated from the protein by endoproteinase Glu-C digestion and therefore should contain a glutamic acid residue at the C terminus. Loss of glutamic acid afforded the fragment ion at m/z 1485.9. Additional B-type fragment ions corresponding to the loss of aspartic acid, alanine, and aspartic acid from the C terminus were seen at m/z 1356.8, 1285.7, and 1156.6, respectively. Additional sequence information was obtained from a search for fragment ions derived from the parent molecule by the loss of one or more amino acid residues from the N terminus, ions of type Y (18, 19 Previous studies have shown that CBF-1 isolated from wheat germ is similarly "nicked" by endogenous embryo proteases (8) 
